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Abstract
Background: Pre-hospital electrocardiogram (ECG) transmission to an expert for interpretation and triage reduces
time to acute percutaneous coronary intervention (PCI) in patients with ST elevation Myocardial Infarction (STEMI).
In order to detect all STEMI patients, the ECG should be transmitted in all cases of suspected acute cardiac
ischemia. The aim of this study was to examine the ability of an artificial neural network (ANN) to safely reduce the
number of ECGs transmitted by identifying patients without STEMI and patients not needing acute PCI.
Methods: Five hundred and sixty ambulance ECGs transmitted to the coronary care unit (CCU) in routine care
were prospectively collected. The ECG interpretation by the ANN was compared with the diagnosis (STEMI or not)
and the need for an acute PCI (or not) as determined from the Swedish coronary angiography and angioplasty
register. The CCU physician’s real time ECG interpretation (STEMI or not) and triage decision (acute PCI or not)
were registered for comparison.
Results: The ANN sensitivity, specificity, positive and negative predictive values for STEMI was 95%, 68%, 18% and
99%, respectively, and for a need of acute PCI it was 97%, 68%, 17% and 100%. The area under the ANN’s receiver
operating characteristics curve for STEMI detection was 0.93 (95% CI 0.89-0.96) and for predicting the need of acute
PCI 0.94 (95% CI 0.90-0.97). If ECGs where the ANN did not identify a STEMI or a need of acute PCI were
theoretically to be withheld from transmission, the number of ECGs sent to the CCU could have been reduced by
64% without missing any case with STEMI or a need of immediate PCI.
Conclusions: Our ANN had an excellent ability to predict STEMI and the need of acute PCI in ambulance ECGs,
and has a potential to safely reduce the number of ECG transmitted to the CCU by almost two thirds.
Background
Reducing time to reperfusion treatment for patients with
ST-segment elevation myocardial infarction (STEMI)
improves patient outcomes [1-3], and every delay to pri-
mary percutaneous coronary intervention (PCI)
increases long term mortality [4]. The recording of a
pre-hospital 12-lead ECG in chest pain patients reduces
time to PCI [5] and is an established tool to accelerate
correct and timely management [6].
In order not to miss any STEMI cases, it is recom-
mended that all ambulance-transported patients with
symptoms suggesting acute coronary syndrome (ACS)
have an ECG transmitted to the coronary care unit
(CCU) physician on call. However, this extends the
ambulance transport time in patients without STEMI
[5], and could, if many ECGs are transmitted,
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with a very low probability of STEMI are not trans-
mitted would be highly useful.
Decision support tools based on artificial neural net-
works (ANNs) has been shown to improve junior doc-
tors’ detection of STEMI [7], to be superior to
commercially available interpretation programs [8] and
to be at least as good as experienced physicians to pre-
dict ACS [9] and myocardial infarction (MI) [8,10].
However, ANNs to predict STEMI have not yet been
prospectively validated and compared with the real-time
interpretation of CCU physicians in routine care. To
our knowledge, ANNs predicting the need of acute PCI
have not been presented.
The aim of this study was to examine the ability of an
ANN to identify ambulance ECGs with a very low prob-
ability of STEMI and need of acute PCI, and to safely
reduce the number ECGs transmitted to the CCU
physician.
Methods
Study Population
Skåne University Hospital at Lund is a 900 bed institu-
tion with a primary catchment area of some 300 000
inhabitants, an ambulance district of about 300 000
inhabitants, and in-house PCI and coronary bypass sur-
gery available 24 hours/day. When pre-hospital person-
nel suspect an ACS, a 12-lead ECG is recorded in the
ambulance and electronically transmitted to the Lund
CCU. The CCU physician evaluates the ECG for STEMI
and decides whether or not to directly transport the
patient to the PCI facility at Lund. Otherwise, the
patient is transported to the nearest ED.
The CCU physician has instant access to the Region
Skåne database of previously recorded ECGs and to the
computerized patient records at Skåne University Hospi-
tal. The CCU physician may also in some cases call the
ambulance personnel and hear a brief patient history.
During the study, if the CCU physician was briefly una-
vailable, an experienced CCU nurse read the ECG, made
the triage decision and had the decision approved by the
CCU physician shortly after. Thrombolysis for STEMI
was rarely, if ever, performed.
Data collection
Between 30 August 2005 and 18 February 2006, ambu-
lance ECGs were registered 24/7 by the CCU physicians
on call at Skåne University Hospital at Lund. For each
ECG the physician documented, in real-time on special
forms, the identification (Y/N) of ST changes or left
bundle branch block indicating a STEMI in the received
ECG, as well as the decision (Y/N) to let the ambulance
transport the patient directly to primary PCI. All
patients deemed to have a STEMI were thus not
transported directly to the PCI facility (e.g. due to term-
inal illness), and some patients without STEMI were
transported to the PCI facility due to a suspected need
of acute PCI for other causes. During the study period,
a significant ST elevation was defined as an ST elevation
in at least two adjacent leads ≥ 2 mm in V1-V3 and ≥ 1
mm in all other leads. The ambulance ECG was saved
in the Lund ECG database.
Using the statistical software ClickView (ClickTech,
Sweden), clinical data for each patient was extracted
from the computerized patient records at Skåne Univer-
sity Hospital (Melior™, Siemens). Coronary angiography
data was retrieved from the Swedish coronary angiogra-
phy and angioplasty register (SCAAR) [11].
The study was approved by the regional ethics com-
mittee at Lund.
Electrocardiography
The 12-lead ECGs in the study were recorded using
computerized ECG recorders from Ortivus AB (Dan-
deryd, Sweden) in the ambulances and Siemens-Elema
AB (Solna, Sweden) in the ED. The ED ECGs (training
set, see below) were traditional 12-lead ECGs with distal
placement of the limb leads whereas the ambulance
ECGs (testing set) had proximal placement of the limb
leads ("the Lund system”) [12]. This changes the wave-
forms slightly, but these changes have been considered
clinically acceptable [12].
For the ANN, the following 13 measures were
extracted from each lead: Q, R, and S amplitudes; QRS
area; QRS duration; positive and negative T amplitudes;
along with amplitudes of six different positions from the
ST segment. In total 12 × 13 = 156 variables were cre-
ated and further reduced down to 20 by principal com-
ponent analysis. Reducing the number of variables used
i nt h em o d e li nt h i sw a yi sw a r r a n t e ds i n c et h e r ei sa
high degree of correlation between the measurements
extracted from the 12-lead ECG. The remaining 20 vari-
ables were then normalized into Z-scores before they
were used as inputs to our neural network ensemble.
Artificial neural network ensembles
Several artificial neural networks were combined into an
ensemble by bagging. The final ensemble consisted of
25 individually trained neural networks, which has been
found to be sufficient in numerical studies. The ensem-
ble prediction was calculated by averaging the outputs
of its individual members. Each network consisted of a
fully connected feed-forward multilayer perceptron with
one hidden layer featuring 15 nodes. The networks were
trained using a cross-entropy error function with an
added weight elimination term that has the ability to
improve generalization by controlling the complexity of
the network via a tunable constant. The value of this
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selected through a cross-validation run on the training
set. For a more general introduction to artificial neural
networks see Bishop [13]. All neural networks computa-
tions were performed using in-house software.
The neural network was trained on 3000 ECGs (train-
ing set) from patients attending the ED at Skåne Univer-
sity hospital between 1990 and 1997 [7]. The ECGs
indicating ST elevation Myocardial Infarction (STEMI)
were identified by two experienced cardiologists. The
ANN was only trained to detect STEMI ECG changes
and not trained on coronary angiogram findings. In the
present study however, the ability of the ANN to predict
significant coronary artery disease on angiography was
also tested (Results).
For calculation of specificity and predictive values for
the ANN, the sensitivity for detecting STEMI was set to
95%. This somewhat arbitrary level was chosen in order
to achieve comparable performance as with ED evalua-
tion, where some 2-5% of the ACS patients are erro-
neously discharged from the ED [14,15], which implies a
sensitivity of at least 95%.
Expert consensus ECG interpretations
Two physicians highly experienced in ECG reading (UE
and SJ) acted as the ECG reference standard and sepa-
rately classified all 560 ECGs into: 1) ST changes/left
bundle branch block as in STEMI or 2) Not STEMI. In
addition to using the above mentioned ECG criteria for
STEMI, these physicians also considered the configura-
tion of the ST segment as in the clinical routine inter-
pretation of ECGs. To somewhat mimic the situation of
the CCU physician, patient records from the ambulance
were available to the expert ECG interpreters. The
experts made the same primary classification in 493 of
the 560 ECGs. For the discrepant cases, a consensus
classification was made.
Definitions of outcomes
In this study, a STEMI was defined as a discharge diag-
nosis of ACS together with an ECG with ST changes/
left bundle branch block as in STEMI according to the
two ECG experts. The final discharge diagnose (ACS or
not) was recorded from the discharge record (which
included ICD10 codes) made by the ward physician and
reviewed for quality by the responsible specialist ward
physician, or, for patients not admitted to in-hospital
care, by the responsible ED physician. The diagnostic
criteria for ACS (acute myocardial infarction; AMI, or
unstable angina pectoris; UA) were those recommended
by the European Society of Cardiology/American Col-
lege of cardiology [16] using Troponin T as the critical
biomarker with a cut-off at 0.05 μg/l.
AMI was diagnosed in patients with at least one tropo-
nin T ≥ 0.05 μg/l with rising or falling on serial testing,
who also had typical ischemic symptoms and/or significant
ischemic ECG changes (pathological Q-wave, ST elevation,
ST depression or T-wave inversion). UA was diagnosed in
patients with typical ischemic symptoms with or without
ischemic ECG changes and with or without slightly ele-
vated (below AMI decision level) troponin T levels.
The need of an acute PCI was in this study defined as
the patient undergoing an acute coronary angiography
within 12 h after the pre-hospital ECG, with a balloon
angioplasty performed due to a culprit lesion or signifi-
cant coronary disease.
Statistical analysis
Continuous variables are expressed as mean ± SD and
were compared by the independent samples t test. Ana-
lysis for categorical variables was performed using chi-
square test or Fisher exact test where appropriate. The
area under the receiver-operating-characteristic curve
(AUROC) was used as an overall measure of the predic-
tive ability of the ANN. Statistical analyses were per-
formed using SPSS 16.0.1 (SPSS Inc, Chicago, U.S.).
Exact confidence intervals were calculated for sensitivity
and specificity using the Clopper-Pearson method.
Ethical approval
The Regional Ethics Committee at Lund approved the
study.
Results
Transmitted ECGs and patient characteristics
Of the registered 743 ECGs, 560 ECGs were successfully
retrieved from the local electronic ECG database and
were included in the final analysis (Figure 1). Patient
characteristics are given in table 1. There were no signif-
icant differences in age or ACS prevalence between the
cases with missing (n = 183) and retrieved ECGs. Of the
5 6 0E C G s ,1 1 8w e r ee v a l u a t e da tt h eC C Ub yas p e c i a -
list in cardiology, 184 by a specialist in internal medi-
cine, 227 by a resident, and 31 initially by a CCU nurse.
Predictive performances of the ANN and the CCU
physician
The predictive performances of the ANN as compared
to the CCU physician are given in Table 2. If the sensi-
tivity of the ANN was set to the same level as the CCU
physician (0.74) the specificity of the ANN for STEMI
and a need of acute PCI was 0.90 (95% CI 87-93%) and
0.90 (95% CI 87-93%), respectively. The AUROC of the
ANN was 0.93 (95% CI 0.89-0.96; Figure 2) for the abil-
ity to detect STEMI, and 0.94 (95% CI 0.90-0.97; Figure
3) for predicting the need of acute PCI.
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sitivity for STEMI, it had 97% (95% CI 85-100%) sensi-
tivity for the need for acute PCI.
Patients with STEMI or a need of acute PCI not identified
by the ANN
With the STEMI sensitivity set to 95%, the ANN missed
two patients with STEMI. None of these patients had
ECGs that were classified as STEMI by the CCU physi-
cian, and none underwent an acute PCI.
With this ANN setting, the ANN missed one patient
without STEMI who needed an acute PCI. This patient
was also missed by the CCU physician, i.e. the patient
was triaged to the ED. Due to progressing ECG changes
the patient underwent an acute PCI 3 h and 48 min
after the prehospital ECG recording.
Patients identified correctly only by the ANN
Eight patients with STEMI were correctly identified by the
ANN, but not classified as STEMI by the CCU physician.
In eight patients with a need of acute PCI, the CCU
physician neither referred the patient to an acute PCI
nor classified the patients as having a STEMI. Only one
of these patients had a STEMI according to the
Patients registered at the CCU
(n=743)
Study patients                      
(n=560)
Patients transported to nearest 
ED (n=524)
Patients transported directly to 
CCU/ PCI facility (n=36)
Referral to coronary angiography 
< 12h due to STEMI (n=12)
Primary PCI performed                   
(n=10)
ACS final diagnosis                    
(n= 70)
STEMI                                   
(n=11)
Acute coronary angiography 
(n=31)
Primary PCI due to STEMI           
(n=26)
ACS final diagnosis                 
(n= 28)
STEMI                          
(n=27)
ECG data could not be 
retrieved (n=183)
Figure 1 Triage and outcome for patients with a pre-hospital ECG.
Table 1 Patient characteristics, n = 560.
Age, years ± SEM 70.1 ± 0.6
Women 249 (45%)
Patients admitted to in-hospital care 417 (74%)
Length of stay of admitted patients, days ± SD 4.5 ± 6.2
ACS as final diagnosis 98 (18%)
STEMI 38 (7%)
Acute coronary angiography within 12 hours due to suspicion of STEMI 43 (8%)
Primary PCI within 12 h from pre-hospital ECG 36 (6%)
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patients were identified by the ANN.
Effects of ANN screening before ECG transmission to the
CCU
If ambulance ECGs where the ANN did not identify a
STEMI or a need of acute PCI were theoretically to be
withheld from transmission, the number of ECGs evalu-
ated in the CCU could have been reduced from 560 to
204 (by 64%) without missing any case with STEMI or a
need of immediate PCI. The serially combined predic-
tive performance of the ANN and the CCU physician is
shown in Table 2.
Discussion
In this study, we present an ANN with the ability to
predict STEMI and a true need for acute PCI in prehos-
pital chest pain patients. The large ANN AUROCs (0.93
Table 2 Predictive performances of the CCU physician and the ANN.
Sens Spec PPV NPV
Predicting STEMI
ANN 0,95 (0,82-0,99) 0,68 (0,63-0,73) 0,18 (0,13-0,23) 0,99 (0,98-1,00)
CCU physician 0,74 (0,57-0,87) 0,98 (0,97-0,99) 0,76 (0,59-0,088) 0,98 (0,97-1,00)
ANN and CCU physician* 0,74 (0,57-0,87) 0,99 (0,98-1,0) 0,80 (0,63-0,92) 0,98 (0,97-0,99)
Predicting need of acute PCI
ANN 0,97 (0,85-1,0) 0,68 (0,63-0,72) 0,17 (0,12-0,23) 1,0 (0,98-1,00)
CCU physician 0,78 (0,61-0,90) 0,98 (0,97-0,99) 0,76 (0,59-0,89) 0,98 (0,97-0,99)
ANN and CCU physician* 0,78 (0,61-0,90) 0,99 (0,98-1,0) 0,80 (0,63-0,92) 0,98 (0,97-0,99)
Sens; sensitivity, Spec; specificity, PPV; positive predictive value, NPV; negative predictive value *Theoretical diagnostic performances if only ECGs in which the
ANN predicted STEMI were to be transmitted to the CCU physician.
Figure 2 Receiver operating characteristics curve for ANN prediction of STEMI in 560 ambulance patients with symptoms suggesting
ACS. AUROC = 0,93 (95% CI 0,89-0,96). The red dot indicates the performance of the CCU physician in predicting STEMI.
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imply an excellent predictive ability, which could poten-
tially be used to safely reduce the number of ambulance
ECGs sent to the CCU by almost two thirds. To our
knowledge, the present study is the first to demonstrate
a decision support tool that can predict the presence of
a culprit lesion or significant coronary artery disease.
At a STEMI sensitivity of 95%, the sensitivity of our
ANN for a need of acute PCI was as high as 97% which
was clearly better than the 74% sensitivity of the CCU
physician. Among eight patients with a need of acute
PCI missed by the CCU physician, the ANN correctly
identified seven. However, the specificity of the ANN
was only 68%, and the positive predictive value (PPV) in
our population only 18%.
Should the ANN be implemented in a prehospital
ECG system, a final ECG interpretation and triage deci-
sion by a physician is therefore clearly needed to avoid
unnecessary catheterization laboratory activation. Pain
history and symptoms suggesting other causes (e.g.
aortic dissection) of chest pain, co-morbidities and CCU
bed/PCI availability are usually important information
for the final triage decision, and a high specificity in the
triage decision is also needed because coronary angio-
graphies carry a risk of complications. The low PPV of
the ANN was of course also related to the STEMI pre-
valence of only 7%, which is lower than reported by
Sejersten et al. (28%) [5] and Clark et al. (34%) [17].
This indicates a very low threshold among the ambu-
lance personnel to transmit an ECG. The STEMI preva-
lence in our material was in fact comparable to the
estimated real prevalence in the prehospital setting [18].
In Table 2, the serially combined predictive perfor-
mance of the ANN and the CCU physician is shown.
These data are based on a system where the decisions of
the CCU physician are not influenced by the ANN. As
output, our ANN generates a likelihood of STEMI/need
of acute PCI. Should this information be available to the
CCU physician, we believe it is likely that the serially
combined performance would improve towards the
Figure 3 Receiver operating characteristic curve for ANN prediction of the need of acute PCI within 12 hours in 560 patients with
symptoms suggesting ACS. AUROC = 0,94 (95% CI 0,90-0,97). The red dot indicates the performance of the CCU physician in predicting the
need of acute PCI.
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enable the physician to miss fewer patients with STEMI
and a need of acute PCI. In this way, eight of the 36
patients (22%) in need of acute PCI that was not
detected by the CCU physician could theoretically have
had the time to reperfusion reduced if the ANN results
were available to the CCU physician. The true effects of
our ANN in such a system remain to be established.
Methods to safely reduce the number of ECGs trans-
mitted to the CCU could include ECG interpretation by
1) the ambulance personnel, 2) computer programs with
rule-based interpretation or 3) ANN computer pro-
grams. Studies indicate that ambulance paramedics can
reliably interpret the ECG [19], but this requires addi-
tional training for all personnel. Also, the number of
false negative cases in routine care has to our knowledge
not been reported. Studies of rule-based ECG interpre-
tation programs in routine care have shown a sensitivity
and specificity for STEMI of 78% and 91-94% [17]
respectively, thus missing about 1 in 5 STEMI cases.
When our ANN was set to 95% sensitivity it did not
miss any STEMI case that was detected by the CCU
physician.
When setting the ANN to the sensitivity of the CCU
physician, the ANN specificity for STEMI was lower
(0.91 vs 0.98). In this prospective routine care study,
and at the sensitivity of the CCU physician, we could
thus not confirm the reported superior STEMI predic-
tion by an ANN compared to physicians in retrospective
ECGs [8]. There might be at least two reasons for this.
First, the CCU physician had access to previous ECGs,
medical records and a brief clinical history, which
should have improved specificity when predicting
STEMI. Evaluating also previous ECGs have been shown
to improve physicians’ specificity for STEMI and to
reduce CCU admissions [20]. Feeding also a previous
ECG to the ANN, if technically feasible, could be a way
of improving the ANN’s specificity. In a previous study,
the ability of an ANN to predict AMI was significantly
improved when a previous ECG was supplied together
with the new ECG [21]. The benefit of previous ECGs
should even be larger when predicting STEMI than
when predicting AMI, since ECG changes are less speci-
fic in the average AMI case. Secondly, the ANN was not
trained on prehospital ECGs. In addition to the slightly
different ECG appearance with the prehospital lead pla-
cement, the performance of our ANN could be reduced
by the sometimes poorer technical quality of the pre-
hospital ECG compared to the in-hospital ECGs in the
training set.
The clearly higher specificity than sensitivity of the
CCU physicians in routine care in this and other studies
[5,17] may seem surprising, but should be viewed in the
context of a constant bed shortage in the CCU and high
catheterization laboratory utilization, which forces the
physicians to focus on specificity more than sensitivity.
The reasoning is that the patient can always be seconda-
rily transferred from the ED to the CCU of to acute
PCI.
Among the present ambulance patients, 98 (18%) had
ACS as the final discharge diagnosis. ANNs have been
shown to be superior to experienced cardiologists to
predict both MI and ACS [8]. In the prehospital setting,
an ANN could therefore not only be used to predict
STEMI and a need of PCI, but also ACS. This could
potentially improve the pre-hospital triage of chest pain
patients and contribute to a more timely ACS treatment,
perhaps especially if cardiac biomarkers in the ambu-
lance were also analyzed [22].
Clinical implications
If the high diagnostic performance of our ANN is con-
firmed in other cohorts, we believe that it could be used
to reduce the number of ambulance ECG’s transmitted
for expert interpretation in patients with symptoms sug-
gesting ACS. The ANN interpretation will be available
instantly, and if STEMI is not detected, transport to the
nearest ED could be initiated without delay. It is even
possible that a fast and easy ANN interpretation would
increase the number of prehospital ECGs registered, and
increase the number of STEMI patients identified
already in the ambulance. If the ANN suggests a STEMI
or a need of acute PCI, the ECG should be transmitted
to a cardiologist for interpretation and a final triage
decision. If introduced, there is of course a risk that
ECG interpretation skills could decrease among EMS
staff. However, future ANNs could perhaps explain their
interpretations and instead help educate the EMS staff
[23].
Limitations
The ANN was evaluated in only one pre-hospital dis-
trict, and the predictive performance of the ANN and
the potential reduction in the ECGs sent to the CCU
are therefore not necessarily generalizable to other dis-
tricts. This ANN should not be clinically applied outside
our district before validation in new cohorts.
We were unable to retrieve 183 ECGs due to 1) tech-
nical problems when trying to save the ECG, 2) ECG
could not be saved because the patient was not a Swed-
ish citizen or not reliably identified, or 3) the CCU
n u r s ed i dn o ts a v et h eE C Gt ot h ed a t a b a s e .T h eA C S
prevalence was not significantly different among patients
with and without saved ECGs, and it is unlikely that
missing these ECGs had any significant effect on the
results.
No follow-up of patients discharged from the ED was
performed in this study. Some patients with STEMI and
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the CCU physician and the ED physician, and dis-
charged home from the ED. Although we cannot com-
pletely exclude this possibility, we consider it highly
unlikely since the ED physician had access to both the
prehospital and the ED ECG.
Conclusions
In the present study, we demonstrate for the first time
an ANN with an ability to predict a true need for an
acute PCI. The AUROC was large indicating an excel-
lent overall predictive performance. Set to a high sensi-
tivity, the ANN could be used to identify patients with a
very low likelihood of a STEMI or a need of acute PCI,
where the ECG does not need to be sent to the CCU
physician for assessment. Using the ANN in this way
could potentially reduce the number of ECG transmitted
to the CCU by almost two thirds without missing any
patient needing an acute PCI.
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